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ABSTRACT 
This thesis deals with research on optical and electrical characterizations of BCR 
. . . . 
. (Electron Cyclotron Resonance) plasma processes used to deposit films of Germanium and its 
alloys. A semi-quantitative technique, optical emission spectroscopy (OBS) is used to identify 
a characteristic peak (GeH) of germane plasmas. This is the first time ever that this peak has 
been seen in optical spectroscopy of germane plasmas. This peak is demonstrated to be 
correlated with film growth, and can be used to control the plasma process. The effects of 
changing deposition parameters, such as pressure, hydrogen or helium di.lution ratios, and 
microwave power on film deposition rates and on electron and ion temperatures and electron 
densities in the plasma have been studied. A novel Langmuir probe technique, using a heated 
probe, was developed to measure these effects. The data obtained from the Langmuir probe 
have been correlated with the data obtained from OBS measurements. 
CHAPTER I. INTRODUCTION 
Purpose of Research 
Plasmas have been used in the manufacturing of microelectronic devices for a number 
of decades now. They have been extremely useful in etching, effective sputtering, and highly 
controlled chemical vapor deposition processes. The key to plasma use in the manufacturing 
of devices comes from the anisotropic ability of the plasma in both etching and deposition, as 
shown in figure I. 
Ions 
Plasma Etch Wet Chemical Etch 
Plasma CVD Standard CVD 
Figure I. Benefit of Plasma CVD over conventional means 
While the properties of low density plasmas have been studied for years, the need for 
smaller device size has driven the use of higher density plasmas [I]. With these higher density 
plasmas, the use of previously developed models does not account for all the reactions 
occurring in the plasma. This explains why a greater understanding of the processes existing 
within higher density plasmas is needed. Understanding comes from experimentation in 
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addition to examining the theory governing plasma physics. 
The research presented here is a step towards understanding the experimental side of 
plasmas. It is intended to be used by those working with a high density plasm:a as an aid to 
processing controls. This research examines a specific type of high density plasma but has 
relevance to many other plasmas as well. 
The high density plasma source used in this research is an Electron Cyclotron 
Resonance plasma, which is used on a regular basis for the formation of photo-detectors and 
solar cells. In this research, the plasma being analyzed is a germane ( GeRi) plasma. Silicon-
germanium is an important material due to the higher mobility of germanium and the ability to 
engineer the band gap produced in a silicon germanium device, as shown below in Table 1. 
While this research is limited to a germane plasma, much of the theory can be 
transferred to other plasmas with similar chemistry. This includes plasmas involving both 
silane (Sifii) and methane (CHi), both of which are also important to the microelectronics 
field. 
Table 1. Band Gap Energy vs. Ge content 
X (Six, Ge1-x) Ea (eV) 
1 1.17 
0.75 1.05 
0.5 1.0 
0.25 0.98 
0 0.74 
*Data taken from [2] 
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The scope of this research includes data from optical emission spectroscopy and a 
Langmuir probe. The major focus is on the optical emission data in an effort to characterize a 
plasma completely. This was done so that in the future a control setup can be implemented · 
using OES as the sensor. Data from this research will be available for a number of other 
uses. This research seeks to uncover further understanding of the interactions within plasmas. 
It hopefully will be a tool for those using germane, and similar plasmas, in different 
microelectronic uses. One example is the use of OES on a germane plasma currently being 
used by Jason Herrold, a PhD. student here at Iowa State University. Herrold is using the 
plasma to deposit Germanium Carbide films, a new material in the microelectronic field. 
This research will cover the theory behind plasma processing, the theory behind an 
ECR plasma, and the different techniques used to acquire and analyze data obtained on this 
type of plasma. Following the presentation of the theory, the experimental data will be 
presented, and results will be presented about the different techniques used in depositing thin 
films with a Germane plasma in an ECR plasma system. 
Statistical Analysis 
Statistical analysis, using factorial design of experiments, was used to determine the 
effects of changing plasma conditions such as pressures, power and dilution rates, on the 
properties of the plasma. At least three replicates were measured for each specific set of 
conditions in order to obtain the standard error. These errors will be presented in the form of 
error bars located in the data presentation. For more information on factorial experiment 
design theory see [3]. 
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One of the most difficult aspects to studying a plasma is the art of tuning the plasma. 
Once a plasma i~ lit, there are a number of various small adjustments which are required to be 
made to tune the plasma for maximum intensity. The criterion for a good tuning is low 
reflective power and no flashing, or streaming, of the plasma. This refers not only to the 
microwave reflective power, but also the visual stability and uniformity of the plasma. OES 
also helps in determining a good tuning range for the plasma. An added benefit to using 
statistical analysis is its ability to examine two factors within a single experiment [3]. Factorial 
design allows for only factors that need to be studied, while uncontrollable factors, tuning 
inexperience, can be blocked out. This gives reliable results with a smaller experimental error. 
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CHAPTER 2. PLASMA CHEMISTRY AND PHYSICS 
Introduction to Plasma Concepts 
The field of Plasma Physics and Plasma Chemistry is vast. For this reason, many of 
the concepts that will be discussed in this section are merely glimpses of what could be learned 
on these subjects. Therefore, this section should be viewed as an overview of concepts that 
will be used throughout the rest of this discussion. Discussion will be focused on the use of 
plasmas for deposition purposes. Any person desiring to learn more about plasma physics is 
referred to [4], [5], and [6]. 
One of the most commonly know plasmas is the arc. Any time there is a spark, or its 
larger version, an arc, one is witnessing the creation of a plasma. The best way to view this is 
by examining a conceptually easy to understand model of a DC plasma. In Figure 2, we have 
a DC plasma design. On the right hand is an anode (a positively charged plate). On the left is 
a cathode (a negatively charged plate), enclosed between these two is a given volume of gas. 
/ Cathode / Anode 
Electrons 
Figure 2. Simple Plasma Model 
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Because of the voltage on the separated plates an electric field exists between the anode and 
the cathode. Located in any given volume of gas there are some free electrons .. These 
electrons are acted upon by the electric field, and they will be accelerated tow!ird the anode. 
Due to their small mass electrons will be affected most by the field. This is evident by 
examining the thermal velocity of an electron versus that of an ion. 
I -(er:J2 V - -te me 
(2-1) 
(2-2) 
Where Te is electron temperature, and T; is ion temperature. Because m/m; << l and 
Te> T;. it will be the electrons which absorb the majority of the energy from this field [6]. 
While on their trek to the cathode, the electrons will probably collide with an atom of the gas. 
This collision can result in a number ofinteractions, including simple momentum transfer, 
excitation, ionization, or even disassociation, depending on how energetic the electron is 
before the collision. The result of an ionization interaction is an ion and two free electrons. 
These two free electrons start the process over again and are free to interact with other 
particles. If a large number of the interactions are high enough in energy (greater than the 
energy given by the "breakdown voltage") then these interactions result in ionization of the 
majority of the neutral species in the volume. This process defines the gas as a plasma. Once 
the electrons reach the anode, the process ends; the ions reaching the cathode release more 
electrons by secondary electron emission and the plasma process repeats. 
The plasma may also be held continuously by using an AC voltage. This switches the 
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polarity of the electric field and thus, turns the electrons' paths back and forth by one hundred 
and eighty degrees. There ~re other ways to create plasmas, but first some more fundamentals 
must be reviewed. 
Within a plasma there are a number of these neutral species, ions, and free electrons, 
but a plasma is considered to be quasineutral. This idea comes from examining the plasma on 
a large scale; it is observed that on the large scale, the number of positively charged ions and 
electrons are close enough in concentration to leave the plasma as a whole "neutral". In 
contrast on a microscopic scale, the volume may contain unequal amounts of ions and 
electrons, leaving it with a positive or negative charge as a whole. A number of concepts need 
discussing when studying plasma physics. 
The first concept is called shielding. Given a free charge, within a plasma tru,s charge 
will have a different potential field than if it is held in free air or vacuum. The potential 
becomes damped, defined by the equation given below [7]: 
(2-3) 
This equation shows that the normal potential field is damped by the second term. The 
damping occurs due to an increased number of free electrons within the plasma moving to 
within the vicinity of free charge. Reviewing the equation leads us to the second important 
fundamental plasma concept. 
The second concept is called the Debye length; which is a conceptual length defined by 
the equation given [6]: 
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( 80 kT) ~e A = -- =743 -
v ne2 n (2-4) 
where Te is the electron temperature. The Debye length can be considered the characteristic . 
decay length of the potential, or the screening length of a charge within a plasma. 
The concept of electron or ion temperature (Te, Ti) can simply be defined as a measure 
of the energy of the plasma particles. As an example, if the electrons within a plasma are 
moving more rapidly, or carrying more energy, then the electron temperature is considered 
higher. In an inverse fashion, if the electrons, as a whole are moving slower, or have less 
energy, then they are considered to have a lower electron temperature. If one thinks about the 
fundamental meaning of temperature this makes sense. Temperature is a measure of the 
movement of the particles within a given amount of matter. Because a plasma state contains 
free moving electrons and free moving ions, the temperature can be divided up between these 
two types of particles. Unlike the temperature measurement, the electron and ion 
temperatures are generally measured in electron volts. 
While the plasma, on a whole, is neutral, the potential between the plasma and the 
grounded walls of the chamber is positive. This potential is called the plasma potential and the 
difference between the plasma potential and the walls is due to sheaths that form between the 
plasma and the walls. Sheaths are an extension of the shielding idea, except at the boundary 
of the plasma and its container. Because the walls are grounded, fast moving electrons will be 
lost to the wall, leaving the area near the wall slightly more positive compared to the rest of 
the plasma. The plasma acquires a positive potential with respect to the walls so as to confine 
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electrons within the plasma and keep the plasma neutral. More information on these topics is 
found in [4], [5], and [6]. 
ECR Plasma Fundamentals 
ECR plasmas follow the rules of plasma physics, but because they exist in a constant 
B-field and a varying electric field they need more understanding than basic plasma physics 
ideas. In defining the ECR plasma these ideas are explored. 
Consider the microwave discharge configuration shown in Figure 3. This discharge 
fills a given volume Vp. In our reactor this would be the volume of the chamber between the 
. . . . . . ·-··· . ·•.•.··.·.·.·-: ·. :-:· ·-\:'{·=···:-::::::.:.: ... ;·_ .. ::·.::-
Figure 3. Plasma Volume Vp [7]. 
quartz window and the restricting orifice, which allows for excited and charged particles to 
diffuse into the processing zone. 
Though plasmas are typically considered ~eutral this is only viewed as a balance in the 
number of electrons and number of positively charge ions. In this given volume we have a 
steady-state density of electrons, Ne0 (r), and steady-state ions, N;0 (r) . While examining the 
plasma d_ischarge on a microscopic scale one would notice that the electron density and ion 
density are a function of position r . 
As stated before, the power to maintain our plasma discharge is taken from a time and 
spatially varying microwave electric field, E(f)eiaJI . In Figure 3, the field is represented by a 
dashed line. The electric field is accompanied by a static but spatially varying magnetic field 
shown in figure 3 as the solid field lines. ECR (Electron Cyclotron Resonance) occurs in the 
area denoted by the solid, curved lines in Figure 3. In this area of the discharge, w = OJce as 
defined in appendix A at the cyclotron frequency. This is defined by the equation [8]: 
qB 
(J) =-
ce m 
e 
(2-5) 
When this wc.,is matched to the natural frequency of the free electron gas inside the chamber, 
the ECR condition is met. The free electrons are accelerated in a single helix along the 
magnetic field lines due to the Lorentz force, which is represented as: 
F=qvxB (2-6) 
And the helix radius is given by: 
(2-7) 
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These electrons then interact with the process or plasma gases within the plasma, resulting in a 
low pressure, almost collisionless plasma. ECR plasma due to the ability to be controlled from 
a weak to a highly ionized state by varying the gas flow rates, input microwave chamber, and. 
the chamber vacuum pressure make it an efficient deposition tool. 
When the Electron Cyclotron Resonance condition is met, the plasma within the 
chamber reaches a maximum density. The equation for this density, derived from Maxwell's 
equations, is [9]: 
(2-8) . 
The critical density for our microwave source of2.45GHz is equal to or greater than 7.5xl010 
cm·3• At thls density we can look at the E field coupled to the plasma. Due to the ability to 
. change the static magnetic field, the incoming microwaves are filtered to a specific 
polarization in which to couple to the plasma. Note that a linearly polarized wave can be 
written in a general form: 
(2-9) 
This equation shows how a linearly polarized wave can be divided into two circularly 
polarized waves. The first half of the equation is a right-hand circularly polarized (RCP) 
- . 
wave, and the second half is a left hand circularly polarized (LCP) wave. When the plasma 
reaches the ECR point, the RCP wave is in phase with the rotation of the electrons which 
leaves the LCP wave rotating opposite the direction of the free electrons. This helps to 
explain the transfer of the microwave energy to the electrons. The energy from the RCP wave 
accelerates the electrons in their helical path while the plasma attenuates the energy from the 
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LCP wave. At the critical density described earlier, Ncr, the LCP wave is completely 
attenuated [9]. The electrons accelerated by the RCP wave initiate excitation, dissociation 
and ionization, which will be explained later. For more on the subject of the ECR condition 
see [7], [8], and [ I OJ. 
ECR System 
The system used for research is called the Electron Cyclotron Resonance Plasma 
Enhanced Chemical Vapor Deposition system, ECR-PECVD (called the ECR-CVD 
hereafter). It employs a plasma in the ECR state in order to deposit thin film materials. Due 
to its controllability, the ECR-CVD has been used for the past decade in this fashion, as well 
as for etching purposes [I]. The chemical reaction of the plasma gas, along with the ECR 
plasmas ability to produce ions, combine to make an excellent reactive ion etching tool, 
allowing for such deposition techniques as chemical annealing. The ECR-CVD system is 
shown in figure 4. 
View Port 
Process Gas 
Inlet 
Process 
Chamber 
____ P_I_as---.ma Chamber ,,,t I 
Restricting Orifice 
Figure 4. The ECRCVD System 
Three Stub Tuner 
Microwaves 
in 
Plasma Gas Inlet 
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The plasma chamber is a stainless steel tube surrounded by two copper wire-wound 
electromagnets, which are controlled by two separate power supplies. This allows for more 
controllability of placement of the ECR point and uniformity of the static magnetic field . . 
The microwaves are incident to the chamber through a quartz window located at the 
rear. Microwaves are produced by a Sairem adjustable power source capable of delivering up 
to 300 watts. This operates at 2.45GHz and is transferred along a coaxial cable to a 
rectangular wave guide and three stub tuner. Using this as the given value for mce, it is found 
with equation (2-5) that the B-field needed to achieve the ECR condition is 875 gauss. The 
chamber has an orifice on the end near the process chamber to give the plasma a more 
directional orientation. Figure 5 shows the axial position of the system elements along a line 
parallel to the B-fields and Figure 6 shows how this affects the area of the plasma in the ECR 
condition. These figures depict how the system was designed as a remote plasma system. 
The plasma in this system has its densest point about fifteen centimeters from the substrate 
holder. 
I 
I 
0 
Substrate Holder 
I 
I 
I 
Restricting 
Orifice 
Front 
Ma!Znet 
Rear Quartz 
_____ L__ Ma!Znet Window 
I I I I I I I I I I I I I I I I I I 
5 10 15 
Distance from Substrate ( cm) 
Figure 5. Position of System Elements. 
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1000 
800 
600 
IF= 10.8 Amps 
400 IR= 13.5 Amps 
200 
0 -+-__.___.__..___.'--+__.__,__......__.__t--'-_.__,___._~-'--.__..___...--+-__,__.-l..-...1.-.l---l 
0 5 10 .15 20 
Chamber Position ( cm) 
Figure 6. Magnetic Field Profile. The dotted line marks the 
threshold for the ECR condition [9]. 
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For the deposition of films, the process chamber has an inconel substrate holder. It is 
made ofinconel to withstand the heat from rod-heating elements into which it is pressure 
fitted. The substrates are held into place with stainless steel masks. Plasma gas is injected 
into the plasma chamber near the quartz window by a ring inlet to promote unifonnity, while 
the process gas is injected near the substrate holder in the process chamber to allow reaction 
with the surface of the substrate. System pressure is maintained by a Pfeiffer turbo molecular 
pump and varied using a manual gate valve, while gas concentration in the chamber is 
controlled by mass flow controllers. The process chamber contains a shutter to block the 
deposition stream and a view port for tuning the plasma. 
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The deposition process occurs using a process and a plasma gas. Excited species: 
atomic or molecular neutrals, ions,· and electrons move along the magnetic field lines by either 
. . . . 
the Lorentz force, by simple momentum transfer from.the electrons, or by drift, which can be 
described as: 
v KT (An)_!__ 
tin n Ar B (2-10) 
And likewise for a temperature gradient: 
(2-11) 
These excited particles move toward the process chamber where the pa~icles interact with the 
process gas. This interaction produces more ions, free electrons, and radicals. These radicals 
then interact with the substrate to form the thin film. 
Chamber Parameters 
During a deposition there are a number of different parameters that must be set. The 
most important are the chamber pressure, the microwave power, the gas flow ( dilution), and 
the substrate DC bias. Other parameters can be modified, but are less controllable than these 
three. One example is the magnet settings. In order to obtain the best plasma, the area of 
plasma in the ECR condition must be adjusted to minimize the reflected microwave power. 
In order to understand how the chamber pressure affects the system review Figures 4 
and 5. Note the physical distance between the substrate and the plasma chamber. The 
substrate is placed "down stream" from the area where the plasma is being generated. One 
can think of the chamber pressure as the number of particles in the chamber. The higher the 
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pressure, the greater the number particles pushing out. Changing the pressure affects a 
distance called the mean free path, defined as the average distance a particle travels in a 
system without colliding with another particle. As the chamber pressure increases, the number 
of particles in the same amount of volume is increased, shortening the mean free path. If the 
mean free path is shortened too much for particles to travel to the substrate, then the process 
gas does not interact with anything, and a film is not deposited. 
Another controllable parameter is the microwave power. Consider the volume in 
Figure 3. In a steady-state microwave plasma discharge, the power can be characterized by 
the equality of the power absorbed by the plasma, Pa, and th_e power losses, P1oss• For the 
setup Ptoss is measured as the total power minus the reflected power. 
(2-12) 
If Pa represents the total power absorbed by the plasma, then for a differential volume within 
the plasma, define a power that is a function of position [7], 
(2-13) 
where the complex tensor conductivity a(.f) and the electric field E(.f) are both functions of 
position. Note (P) abJr) has units of power density. Using (2-12) then: 
(P) abs {f) = (P) loss {f) (2-14) 
Remember that (P) loss (f) is the power loss per differential volume, then by integrating over 
the whole volume: 
(2-15) 
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it can be assumed that (2-13) can be written entirely in terms of the power absorbed by the 
electron gas [7]. The time average absorbed power density is calculated as: 
(P) (f) = Neo(r)e2 [ v; ]1E{r)l2 . 
abs 2m V aJ2 + V2 e e e 
(2-16) 
In this equation, Nco is the time independent electron density, E is the electric field, and 
Uc is the effective collision frequency for electrons. In our application, the pressure is so low 
(i.e.< 100 mTorr) that we can assume the mean free path to be very long, or Uc<< co. In this 
case (2-16) reduces to: 
(P) (f) Neo(r)e2 [ve]IE(r)l2 
abs 2m V m e e 
(2-17) 
This is one way to look at the power coupling between the plasma and the microwaves, noting 
t)lat the larger the electron density, or electric field magnitude, the more microwave power is 
absorbed instead of reflected. As the microwave power increases, the electrical field 
magnitude increases, which increases the power absorbed into the plasma, resulting in the 
increase of free electron acceleration. This increased power absorption results in more 
energetic electrons and thus, more energetic collisions. With more energetic collisions, there 
is more dissociation and more excitation of other particles (i.e. process or plasma gas atoms). 
Thus, as the power is increased there are more interactions resulting in more radicals being · 
produced. And finally, if there are more radicals produced there are more available to interact 
with the substrate surface. 
Another controllable parameter is substrate biasing. Biasing the substrate with a DC • 
potential affects the interactions of charged ions and electrons within the vicinity of the 
substrate. The potential seen by the particles within this vicinity is between the initial plasma. 
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potential and the DC potential added to the substrate. As the potential increases positively 
this adds to the positive plasma potential thus attracting. electrons and electron interactions. A 
. small negative bias results in a cancellation of the plasma potent~al and the plasma becomes 
essentially neutral, thus no electron or ion attraction. However, after the plasma potential is 
overcome the resultant substrate potential becomes a negative value. This negative potential 
attracts positive ions into the vicinity_ of the substrate, resulting in more ion interactions within 
the plasma a_nd the substrate itself. 
The dilution of the plasma can also have an effect on the number of plasma and 
process radicals produced. As the ratio of plasma to process gas is increased more plasma 
radicals are produced to interact with process gas. However, there is a certain limit that can 
be reached where all the process gas is being changed into radicals, and thus, you reach a 
plateau. Conversely, as one increases the ratio of process gas to that of plasma gas fewer 
plasma radicals are available for interaction with the process gas. Thus, fewer process radicals 
are produced to interact with the substrate. 
Germane Dissociation Chemistry 
In the discussion of plasma chemistry models, especially·growth models, graphical 
models are the most understandable. The following model describes most *_ane (silane, 
germane, etc.) gas plasmas, but is presented here for germane. Most interactions result in 
either, ionization, excitation, or dissociation. Following the model presented by Gallagher 
[11], a germane-hydrogen plasma can be depicted in a graphical model (Figure 7), or as a list 
of reactions in Table 2. Past work has been done with silane plasmas by both Gallagher, 
E 
Substrate 
Germane 
Molecule 
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Restricting 
Orifice Electrons 
\ Plasma 
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Process l Means Reaction See Table Below for Equations l 
Oas 
Figure 7. Graphical Model of Plasma Chemistry 
researchers here at the MRC, and others. 
The first four interactions of Table 2 (RI - R4) describes how the germane gas is first 
depleted, by initial electron dissociation processes. Initial dissociation is followed by 
secondary gas and surface interactions (R5-R9), which result in higher germane radicals and 
film construction. Gallagher shows that the majority of the GeH2 radical becomes involved in 
reaction (R.5), and thus, is unimportant in examining film growth. Reaction RS is considered 
to be the largest precursory reaction to the production of films [11]. This follows closely to 
the model shown for silane produced silicon thin films [12]. 
Table 2. Germane Plasma Reactions 
{RI) e- + Ge}4 -.. GeH3 + H, 
{R2.) e-+Ge}4-.. GeH2+2H, 
{R3) e-+ Ge}4-.. GeH2+H2, 
{R4) e- + Gel4 -.. GeH + H + H2, 
{R5) GeH2 + Ge}4 -.. Ge2Ilt;, 
(R6) H + Ge}4 -.. GeH3 + H2, 
(R7) (GeH3)s + b -.. Ge}4 + b 
(RS) (GeH3)s + b -.. film 
{R9) (GeH3)s +(GeH3)s -.. Ge2H 
* s denotes a surface interaction 
b denotes a hydrogen.filled bond site 
b denotes a dangling bond site 
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While this model is a foundation for us to start, Gallagher dealt with an RF plasma; 
thus, a number of assumptions were made that cannot be considered with regards to an ECR 
plasma. The first example that one may note (R6) is also an initial reaction, because in our 
ECR plasma, germane is initially diluted in hydrogen. Another unacceptable assumption made 
by Gallagher is that ion bombardment does not contribute to dangling bond formation. In 
fact, this is one of the benefits ofECR research. Ion bombardment is prevalent and actually 
can help to produce better quality films [13]. 
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Table 3. ECR Germane Plasma Reactions 
(RIO) e- + H2 -+ 2H 
(Rl 1) e- + H-+ H* 
(R13) e-+GeHn -+ GeHn* 
(R15) H + wall -+ Ge+ H 
n = 1, 2, 3, 4 
(R16) Hore-+ wall -+ Bremsstrahlung 
* s denotes a surface interaction 
b denotes a hydrogen filled bond site 
-b denotes a dangling bond site 
For the ECR plasma used in this research, the reactions in Table 3 must be considered. 
Reaction (RIO) concerns the breakdown of the hydrogen molecule into atoms when it is used 
as the plasma gas. This is a simple disassociation of two hydrogen atoms by an energetic 
electron with a kinetic energy greater than the bond energy of the two hydrogen atoms. 
Reaction (R.11) is the excitation of the hydrogen atom by an electron at an energy less than 
that of ionization but great enough to raise an electron in the hydrogen atom into a higher 
orbit. Reaction(R13) is the same as (Rl 1) except for the various germane radicals. The 
inclusion of these two interactions within this research is necessary for the Optical Emission 
Spectroscopy experimentation. Reaction (R14) symbolizes the hydrogen etching of the 
substrate surface, which aids in the formation of better quality film by removing weak bonded 
hydrogen on the film's surface. This is the interaction that allows ECR plasmas to also be 
classified as a reactive ion etching device as well as a chemical vapor deposition device. 
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Reactions (Rl5) and (Rl6) both explain much of the noise found in the Optical Emission 
Spectroscopy data. Reaction (Rl5) is a sputtering reaction of hydrogen with the germane 
found deposited on the insides of the chamber walls and other surfaces. Reaction (RI6) is a 
bremsstrahlung interaction with the heavy lead nuclei in the chamber walls. When these 
reactions are energetic enough to emit photons they are detected by the OES. 
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CHAPTER 3. CHARACTERIZATION TECHNIQUES 
In this research, two of the most common plasma characterization techniques will be 
presented. Of these two the easiest to build and the most commonly used, is the Langmuir · 
probe. While data will be presented from this instrument, in this research it was used to help 
explain the results from the second tool. The second is optical emission spectroscopy, of 
which the data from this tool comprises the majority of the research presented here. A number 
of other tools have been suggested and proven useful, but most are only derivations of these 
two tools. One that is significantly different, and suggested a departure from the standard use 
of a Langmuir probe, was presented by Katsuhide Misono [14]. In this paper, Misono 
suggested using inductive coupling to measure plasma potential. His measurement technique 
is very interesting, because unlike the Langmuir probe, this inductive approach is passive 
towards the plasma, which allows for measurements to be made without affecting the plasma. 
However, problems would arise when connecting to our system. In Misono's paper, the tool 
consists of a coil wrapped around the plasma chamber, which, for one, would be nearly 
impossible physically, due to the magnets, and secondly, the magnets themselves would create 
an induced field in the coil and disrupt the measurements. 
Optical Emission Spectroscopy 
Optical emission spectroscopy (OES) has been used for years as a tool for measuring 
the intensities of plasmas without disrupting the plasma itself [ 16]. OES is a concept 
following from basic quantum physics pnnciples; the idea is that all elements and molecules 
are distinguishable by the unique optical spectra they emit. When an electron, which has been 
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excited to a higher shell, drops to a lower shell it emits a photon whose energy is 
characteristic of that element or molecule to \Vhich the electron was connected. 
The value of OES derives from the idea that using the intensity at a given wavelength, 
we can acquire a semi-quantitative value for the concentration of the element or molecule in 
which the given wavelength is unique. The measurement is semi-quantitative because the 
intensity can only report within a constant what the concentration is, assuming a linear system. 
This measurement derives from the idea that once the plasma has reached a steady state, then 
a certain number of the total atoms or molecules will be excited by the electrons moving with 
a given energy within a Maxwellian distribution. As an example, a unique wavelength for the 
germanium atom is 265nm. It is known that the energy needed to boost an electron 
(excitation energy) to a shell that will result in this photon is 4.85eV [15]. At steady state, 
there are only a certain number of electrons at this energy as defined by the Maxwellian 
distribution [7]. This means that the total number of germanium atoms is related by a constant 
to the intensity of the 265nm peak. Therefore, all data taken by the OES is quantitative, but 
can only be compared relative to other scans of ~he same type because this constant cannot be 
determined from the OES experiment alone. 
As stated in the previous chapter (2), the precursor to growth of a germanium film is 
GeH3; unfortunately this radical does not emit light. However, in an analogy to silicon 
growth, SiH3 also does not emit light, but the SiH radical does and has often been used to 
demonstrate and control the reactions occurring within the plasma. Similarly, in this research 
GeH is used. While GeH emission has been predicted, no one has ever previously detected it. 
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Figure 8. Setup of OES System. 
The OES system consists of a monochromator, a photon counter, and a computer 
controller. Figure 8 depicts how the system is built. The quartz window was chosen due 
to its ability to pass wavelengths down to 200nm with negligible attenuation, whereas a glass 
counterpart attenuates up to 40% by 400nm and deteriorates at lower wavelengths. The 
monochromator is an Acton Research Corporation (ARC) SpectraPro300I, 0.3m focal length 
triple-grating imaging monochromator/spectrograph. The grating is a 1200g/mm and has a 
shutter to protect the photon counter from accidental overexposure. The photon counter is an 
ARC PD-473-1 and has a spectral response from 185 to 850nm with a dark count of200cps 
maximum, but tested to have 44.9cps. The control box is an ARC NCL electronic interface, 
and is connected to a PC through the RS232 port. The PC runs ARC's SpectraSense 1.0 
software. The slits on the monochrometer are variable and have been set to I Omicrons. Other 
settings were tried but produced poor resolution. Scans were generally made from 200nm to 
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800nm and were taken in either 0.5 or 0.1nm increments depending on the experimental 
requirements. The duration per step was set to the factory.standard of 0. lrp.sec. 
Langmuir Probe 
The Langmuir probe is a widely used tool. The majority of the probe data was used to 
explain theories determined from the obtained OES data. Two design types of Langmuir 
probes were used in this research. The theory of the probe will be easiest to explain using the 
first probe design as an example. 
The first probe is simply a metal pole inserted into the plasma. Then the pole is biased 
with respect to the chamber walls or ground. This bias induces a current flow from the 
· plasma, after which the current is recorded with respect to the potential used to bias the 
probe. This plot is called the 1-V curve. 
As stated previously in chapter 2, because the probe is conducting, a sheath is formed 
around it. It is very important that this sheath not be too large, or else it will disrupt the 
plasma and the results gathered will be incorrect. If this requirement is met, then it can be 
assumed that all electrons which enter the sheath will be collected on the probe [6]. For this 
reason, too, it is important that the sheath be small, thus the probe does not behave like an 
electron magnet and disrupt the plasma. 
When the probe is biased to large negative voltages, as shown in Figure 9 as region 1 
(ionic region}, the electrons within the plasma are repelled a~d the positive charged ions are 
attracted. These ions form a sheath through which no electrons pass, which means that any 
current collected at this biases are due only to ions moving with a thermal velocity. 
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If the probe is biased to a large positive value, as in region 3 (electronic region), then 
electrons would be attracted to the probe, and a negative sheath would be formed. For this • 
reason, only electrons with thermal energy would pass to the probe; and the current measured 
would be due to these electrons. 
In between regions 1 and 3 is the transition region (region 2). The point where the 
transition region ends and the ionic region begins is called the floating potential. On the other 
side (transition between regions 2 and 3), where the region converts to the electronic region is 
called the plasma potential. The plasma potential is the point when the potential of the probe 
matches that of the plasma so there are no electric fields created and thus, no sheaths formed. 
Current vs. Probe Bias 
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Figure 9. Typical I-V Curve for Langmiur Probe 
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At this point, the current is due only to the particles that hit the probe because of thermal 
velocities. And because the thermal velocities. of electrons are higher than those of ions, the 
majority of the current collected is due to electrons. 
Once the I-V curve is plotted, then the data can be used to determine a number of . 
plasma characteristics. Shown in Figure 9 is a typical I-V curve. From this plot, the value of 
the plasma potential and floating potential can be determined. Subtracting region I from the 
whole thing, region 1,2,3, we determine the current due only to electrons. By evaluating this, 
the electron temperature and electron density is determined from a few simple equations. 
(3-1) 
(3-2) 
and VB is the barrier seen by electrons. 
Looking at the transition region plot ln(Ie) vs. potential, the transition region becomes linear 
. 1 
with a slope T. Knowing this, the electron density is found as : 
e 
(3-3) 
where Ieo is the current when V = VB . 
The first probe operated wonderfully for plasmas containing no processing gases in a 
clea~ system. If the system was dirty or had processing gases present the probe would be 
coated by a film. The film acted as an insulator to the drifting ions and electrons, thus causing 
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the results from the first probe to be incorrect. Data inaccuracies necessitated a second probe 
design. 
This second probe contains a heater function. It was shown by Michid~ Mirimoto 
[17] that by heating the Langmuir probe, the coating becomes crystalline, which conducts. 
This, then, would have little effect on the results. This second probe was innovatively 
designed and constructed with the help of Curtis Sell, a graduate student in electrical 
engineering at Iowa State University. The probe itself was constructed using a tantalum 
filament stretched across two copper wires. The copper wires were then encased in glass 
tubing to insulate them from the plasma. These copper wires were attached to a two prong 
electrical feedthrough, shown in Figure 10. The circuit has a closed loop with only a small 
filament as the probe surface. This filament is heated by an AC current, and biased by a DC 
potential, then the current caused by the DG biasing is measured. The circuit is shown in 
Figure 11. 
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CHAPTER4.RESULTS 
The results from this research will be presented in sections divided according to which 
. . . . . . . . . . 
· plasma parameter is being discussed. The section headings such as power effects, pres~ure 
effects, dilution effects, and biasing effects are self explanatory; however, the last section of 
the chapter is a collection of other interesting results which were determined in the course of 
finding the first three. Typical graphs will be shown in this chapter, but more inclusive data 
presentations are included in appendix B: Handbook for the ECR-CVD processor. Before 
any of the effects could be studied with OES, the unique peak values corresponding to the 
radicals important to this study had to be determined. 
Peak Identification 
OES has been studied for many years and for this reason, most of the radicals needed 
for this study were already determined. Like others [ 18], I used The Identification of 
Molecular Spectra, by Pearce and Gaydon [19] quite extensively. I was also able to determine 
spectra due to atoms from [20] and [21]. Table 4 is a list of the peaks used for this study. 
Table 4. Peaks Used for OES 
246.8nm 
265.2nm 
501.6nm 
609.8nm 
656.3nm 
GeH Molecule 
Ge Atom 
He Atom 
H2 Molecule 
HAtom (Ha) 
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All but the first peak have been used in previous studies [15],[22],[23],[24]. However 
to my knowledge this is the first OES study of a hydrogen-heliµm-germane plasma. Also the 
GeH peak has never before been detected in an OES study of a germane plasma. The 
determination of the 246.8nm GeH peak originated with a list of possible peaks in [19]. This 
peak was discovered using a King Furnace, a technique used often to determine spectra of 
different gases. It is thought to be either a 2 - X 2 II or a 2 r -X 2 II transition. Others [26] 
have reported using 305nm for GeH, however this is wrong. The 305nm peak is another Ge 
peak, as found in [20]. 
Scans of hydrogen and helium were compared against those containing germane. The 
peak was then checked with [l 9]-[24] to make sure this peak was not an impurity of oxygen, 
nitrogen or others. The results are shown below in figure 12. Originally, the problem was that 
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Figure 12. Identification of GeH Peak 
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most of the peaks listed in [19] were covered by hydrogen peaks or ionic bremsstrahlung. 
This was due to the 10% germane being diluted in hydrogen, allowing for higher levels of 
hydrogen than what was necessary. To avoid this problem, we used germane diluted in 
helium. Also it was determined that using a quartz window on the reactor allowed for 
viewing this wavelength region with much less attenuation than for a glass window. ·Figure 
12 shows that for hydrogen and helium, there are no peaks at 246.8nm, however, all three of 
the scans with germane in the plasma show a peak at 246.8nm. The other peaks shown are 
germanium atom peaks. A full scan of a germane in helium plasma in figure 13 shows all the 
peaks used in this research. The pointers indicate all the peaks used in this study. Most of 
the other peaks are characteristic of one of these three gasses but I have chosen the peaks 
most often used for this type of experiment. 
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Figure 13. Example of a Full Scan 
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Power Effects 
A typical plot of intensity vs. power is shown below in figure 14. As indicated, the 
intensity of the peaks all increase with increased power. This corresponds to the 
concentration of the radical depicted. This increase can be explained by examining the 
electron temperature as a function of power. As the electron temperature increases the 
electrons in the plasma become more excited or energetic. This results in more interactions, 
Pov.er Effect 15mT GeH4 in He 
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Figure 14. Power vs. Intensity 
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also multiplied by 10. 
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Electron Temperature Vs. Power 
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Figure 15. Te vs. Microwave Power 
and more radicals created. The electron temperature is shown above in figure 15. While this 
is typical data, the curvature of both of the previous graphs (figures 14 and 15) changes as 
pressures are changed. This change in curvature is an example of the interaction between the 
power and pressure effects. One easily determinable interaction is observable in figure 15; for 
pressures at 10 and 15mTorr the change in power little general effect, however, for 3, 5, 20, 
and 25mTorr the effects have more pronounced differences. For more explicit data, see 
appendix B. 
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Pressure Effects 
The pressure governs the mean free path, and as predicted, the intensity decreases as a 
function of increasing pressure. A typical plot of the data is shown in Figure 16. This, too, is 
identifiable in the dependence of the electron temperature with pressure. The general trend is 
that as the pressure increases the mean free path decreases, this results in more, though less 
energetic, collisions. Interaction between the pressure and power is illustrated in both figures 
16 and 17 by how each power has a different curvature. An example of the interaction in 
figure 17 is between the ranges of 10 and 20mT; the electron temperature is generally 
unchanged, for 150 and 200 Watts. At 100W, though, the area between the pressures of 10 
and 20mTorr has a generally decreasing curvature. 
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Electron Temperature vs. Pressure 
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Figure 17. Electron Temperature vs. Pressure 
The variations in curvature are also due to the number of electrons available for 
interaction within the plasma. Figure 18 shows how the electron density at the substrate 
changes with power. At different pressures this effect is significantly different. Observing this 
density also aids in describing many of the results. At a pressure of3 and IOmTorr, there is 
no general difference in electron density versus power. The main result of this graph is that 
the electron density is actually larger at 15mTorr than it is at 3 and 25mTorr. This can explain 
the bump in many of the intensity versus pressure results at 15mT. Again see appendix B for 
more complete results. 
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Electron Density Vs. Power 
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Dilution Effects 
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Changing the dilution of hydrogen to germane in the plasma had an intriguing effect. 
The experiment was conducted first with no extra hydrogen added to the germane plasma, 
then a 1 to 1 ratio of hydrogen to 5% germane in a helium ballast, and finally a 7 to 1 ratio of 
hydrogen to the 5% germane in the helium ballast. The final ratio (7: 1) was the largest value 
of hydrogen I was able to add without causing so much bremsstrahlung noise that the GeH 
peak would be indiscernible. The intensity drops drastically as soon as any extra hydrogen is 
added. Then, between the 5: 1 and 7: 1 ratio the intensity has a slight decrease. 
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The bias changed the plasma potential as shown in figure 20, which was expected. As 
the substrate bias was increased negatively the plasma potential fell. Figure 21 shows the 
intensity of the hydrogen alpha peak vs. the biasing potential. The intensity decreases for 0 
and -5V biasing, but then increases as the bias is increased either positively or negatively. 
This is due the interactions of either the ions or the electrons with the hydrogen particles as 
the plasma potential is overcome. Positive bias adds to the free electron energy, which results 
in more energetic collisions. Once the positive plasma potential is overcome with a negative 
bias the potential then adds to the energy of positive ions. This results in more energetic ion 
collisions. 
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Other Effects 
One of the other effects studied was the effect of having a pre-coated chamber vs. 
having a clean chamber. Figures 22 and 23 show some different results. The first, and most 
obvious, is the growth of a thick dummy layer on the walls of the chamber. The large arches 
in Figure 22 correspond to the bremsstrahlung caused by electron and hydrogen atom 
interaction with the heavy iron and nickel atoms in the walls of the chamber [8]. The removal 
of the bremsstrahlung also allows for an accurate comparison between the different hydrogen 
peaks without distortion. The second observable result ( on the y axis) is that in between 
taking these two scans the slits into the monochrometer were tuned. The second graph has 
much lower peaks, but has smaller FWHJ.\1 (full width at half maximum) values. 
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Effect of Resonance Point on OES Data 
Another effect that was identified was the placement of the ECR condition point. As 
shown in previous chapters, the ECR condition point is determined by the value of the current 
in the magnets surrounding the chamber. The following magnet settings correspond to the 
position described in Figure 24. This shows a very interesting result. As the position 
Table 5. Position ofECR condition vs. Magnet settings 
Position Source Magnet (amps) Chamber Magnet (amps) 
1 13.9 9.3 
2 13.9 10.6 
3 13.9 11.5 
4 13.9 12.5 
5 · 13.9 13.3 
6 13 .9 13.9 
7 13.3 13.9 
8 12.5 13.9 
9 11.5 13.9 
10 10.6 13.9 
11 9.6 13 .9 
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Intensity vs. ECR Condition Position 
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Figure 24. Intensity vs. ECR Condition Placement 
(magnet current) changes, the intensity for the hydrogen and helium have a plateau where the 
ECR condition placement has little effect; the germane peak has a narrower plateau for the 
preferred position. The results for settings 1 through 4 ( where the magnetic field nearest the 
chamber is increasing), can be explained by the fact that the resonance zone of the plasma is 
moving closer to the substrate during these steps. The flux of radicaJs arriving at the substrate 
increases. Then, a broad resonance zone is present in positions 4 through 8. Finally, the zone 
exists only near the substrate and the left-circularly-polarized component of the microwave 
beam probably is not absorbed efficiently in the short region. 
44 
CHAPTER 5. CONCLUSIONS 
First, general conclusions about the pressure, power, dilution and substrate biasing 
will be discussed. Followed by a review of the importance of the discovery of the GeH, OES 
peak. Finally, discussion about the uses and limitations of this research and its possible 
direction for future work will be presented. 
The research presented agrees with the model predicted by Gallagher et al in [11]. 
As predicted, and explained with physical concepts, the power, pressure, dilution and 
substrate bias do effect the intensity of the radicals studied. As shown, this is a semi-
quantitative, non-invasive means for measuring the concentration of the given radicals within 
the plasma. 
The pressure has been demonstrated to affect the concentration ofall radicals in an 
inverse fashion (Figure 15). As the pressure increases fewer higher energy interactions occur, 
thus fewer radicals are created. The electron temperature, which is a measure of the electron 
energy, was shown to decrease with pressure (Figure 16) and is similar to results given in [9]. 
This result is related to the physical concept of the mean free path. 
The power has been demonstrated to affect the concentration of these radicals directly 
(Figure 14). As the power increases the energy coupled to the plasma particles increases, 
which allows for more energetic interactions, which creates more radicals. The electron 
temperature, which is also a measure of coupled energy, was also demonstrated to increase 
with power (Figure 15) and is also similar to results given in [9]. Figure 16 is included to 
explain why the majority of the scans indicate a rise or a leveling off of intensity for the 
different radicals at 15mTorr; it shows how the electron density at the substrate is actually 
larger at 15mTorr than at very low or very high pressures. This larger density of electrons 
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allows for a larger distribution of electron energies. Thus, there are more electrons within the 
distribution with enough energy to cause interactions at this pressure than one would expect 
by observing the electron temperature. 
The dilution effect is one that was very surprising. As the ratio of hydrogen to 
germane is increased the intensity decreases. The intensity decreases drastically with the 
initial addition of hydrogen to the plasma and slowly decreases for greater hydrogen to 
germane ratios. This result explains why the growth rate decreases dramatically as hydrogen 
dilution increases. 
The results from the biasing effects will be helpful in determining parameters to set 
for ion bombardment. The results demonstrate that a small negative bias is not helpful in the 
dissociation of the plasma gasses. For beneficial results biasing must be executed at either 
large negative or at a positive potential, ·depending on whether ion bombardment is desired. 
The most important result from this data is the discovery of a GeH radical peak. This 
research is the first to report on the finding of such a peak in any PECVD system and the first 
to use this peak for studies of the plasma. 
While the_ OES data provided in this research is far from giving a complete picture, it 
does give a broad view of the processes inside a germane plasma. A demonstration of how 
these results could be used is available in Appendix C. The work could be continued on 
other plasma gases to experimentally determine if the model presented here fits most plasma 
interactions. The OES system could be used to find the best value for tuning; it has been 
obvious when a plasma is not tuned by the indicated intensity or the non-uniformity in a 
scan. The Langmuir probe presented in this research obviously can serve many of the· same 
purposes as the OES, though it is still invasive to the plasma. 
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A paper presented by K. Hashimoto contains a numerical simulation model for an RF 
plasma CVD system [25]. If a simulation can be made for an RF plasma, then presumably; 
one could be made for the ECR-PECVD. Mass Spectroscopy would also be a good direction 
to go next Using this technique, one may be able to measure more important growth radicals 
like GeH3, which may not emit light. 
This research was undertaken to expand the knowledge of plasmas used in a 
processing chamber. It was built in a fashion to help the processor to fine tune the choices 
for plasma parameters. The results are organized in a reference type manner in order to 
encourage a processor to use this tool and find it easy to understand. Using the general 
understanding that the pressure has in inverse effect on the plasma density, the power a direct 
effect, the dilution an inverse effect and the bias an intriguing effect, the plasma processor 
can determine parameters to use for. his experiments. 
-I 
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APPENDIX A. ELECTRON MOTION IN A STATIC 
MAGNETIC FIELD 
Free electrons in the.plasma gen~ration_region spiral around the static_m~gnetic field 
lines, due to the Lorentz force. 
F= q(vx B) (A-1) 
This force causes the electrons into a helix about the magnetic field line. Assuming the B-
field is in the z direction only, B = B0 • ii.z. Then (A-1) can be ·written as shown. 
Equating like components, gives three differential equations. 
Integrating each with respect to t, 
dz 
-=C 
dt 3 
(A-2) 
(A-3) 
(A-4) 
Substitution of (A-4) into (A-3) yields differential equations in terms of position. For 
example if we look at motion in the x direction: 
(A-5) 
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B C . 
where OJ O = and x0 = --2-. The solution to this equation being: ,m . TflOJo. 
(A-6) 
where R and rp are constants of integration. If we now take the time derivative of (A-6) we 
can get the x component of the velocity. 
dx = v = - Rm sin(m t + rp) 
X O O 
(A-7) 
Then by substitution into (A-4) the position and velocity of the elections in they direction 
can be obtained: 
(A-8) 
(A-9) 
C 
where y 0 = --1-. Using equations (A-6) through (A-9) the motioq. of the electron in the 
mOJO 
plane perpendicular to the B-field can be described as circular with radius R: 
(A-10) 
And solving forR, using (A-7) and (A-9): 
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R= (A-11) 
Looking at the velocity of the electrons in the z-direction, it is constant due to parallel 
alignment to the static magnetic field. Then the electrons spin about the z axis with a 
frequency of 
{A-12) 
and a radius R defined above (A-11). 
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APPENDIX B. HANDBOOK FOR THE ECRPECVD PROCESSOR 
This appendix contains 3-D mappings of some of the typical data taken in this 
research. 
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APPENDIX C. DEMONSTRATION OF THE USE OF THESE RESULTS 
While this research was being conducted, another graduate student, Jason Herrold 
grew germanium films using the ECR-PECVD technique. As a demonstration of how these 
results can be used, we can examine some of the growth characteristics Herrold determined 
for these films. For the example, a two by two f~ctorial experiment of films grown with 
parameters at 150W, 200W, 7mT, and 13mT will be investigated. 
One of the easiest measurements of a film to make is the growth rate. The processor 
aims for a fast growth rate, without sacrificing other characteristics deemed desirable for a 
film. Figure 25 demonstrates how the growth rate increases with power, which is expected, 
as the intensity of the radicals also increases with power. However, the higher the pressure 
the faster the growth. This is not necessarily what is expected from the intensity graphs. 
Note that the region from which the data was taken is 7 to 13mTorr. From the intensity 
graphs, the pressure vs. intensity is relatively constant (figure 16). A review of the electron 
density versus pressure graph (figure 18) demonstrates that the electron density is higher at 
15mTorr then at 5 or l0mTorr. This partly explains the higher growth rates at lower 
pressures. Another way to explain this is to note that the ECR-PECVD system is a dense 
source of ions. The result is explained by the fact that at lower pressures there is more H ion 
bombardment of the substrate than at higher 
pressures [13], thereby etching away the growing film. 
Another result from Herrold's data is the crystallinity and grain sizes of the films he 
grew. As demonstrated in figure 26, the crystallinity, which can be measured as an inverse 
function of the FWHM of a Raman peak, becomes better at a higher pressure than at the 
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Figure 25 . Growth Rate vs. Power 
lower one. This result is understandable, because as the pressure increases the ion 
bombardment decreases. Too much bombardment is known to reduce crystallinity [9]. 
Statistically speaking, the effect is not seen at 200W, because there is already too much 
bombardment (note that the FWHivf is greater at 200W than at 150W, 13mT). The answer 
may lie in the electron density, as the pressure gets closer to 15mTorr, for 150W the electron 
density rises (figure 18). This allows for more electrons to interact and create more ions, 
thus, actually increasing the ion bombardment. However, at 200W the electron density is 
actually the same as or less than that at 5 or I Om Torr. 
By using appendix B, Herrold may have been able to predict the outcome of these 
films more accurately. In the future the appendix can be used as tool to help explain results 
that may seem confusing. 
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Crystallinity of Germane Films 
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